A number of procedures have been employed for obtaining synchronous cultures of the yeast Saccharomyces cerevisiae for use in studies of the cell cycle (3) . Generally, synchronization procedures are subject to the criticism that the synchronization process may introduce distortions in the normal sequence of events in the cell cycle. In addition, some techniques use only a small percentage of the original cell population in growing the synchronous culture and, consequently, the yield of cells at any particular stage of the cell cycle is low.
Sebastian et al. carried out large-scale fractionations of exponential cultures of S. cerevisiae by velocity sedimentation through sucrose gradients in a rotating-seal zonal rotor (7) . Similar fractionations of the fission yeast Schizosaccharomyces pombe were carried out on nonliving cells by Wells and James in a reorienting gradient zonal rotor (8) . These methods have an important advantage over synchronous growth in that cell cycle measurements are made on cells that have been fractionated from a condition of balanced growth, thus aVoiding possible artifacts induced by the synchronization process.
Centrifugal elutriation ("counterflow centrifugation") was used as a method of separating biological particles nearly 30 years ago (5), but a rotor suitable for general use has only recently become commercially available. In this procedure, the force tending to sediment particles in a centrifugal field is counterbalanced by a liquid flowing in the opposite direction. A cell population can be fractionated into discrete size classes by incrementally increasing the flow rate while maintaining the centrifuge rotor at a constant speed (6 Growth and harvest of cells. Cells were grown in YM-1 medium (1) to a cell density of 1.5 x 107 to 3.0 x 107 cells/ml at 23°C on a rotary shaker. Growth was retarded by chilling to 0°C, and the cells were centrifuged and washed with water at 4°C. The cells (3 x 109) were suspended in 10 ml of ice water and while jacketed in an ice bath were sonically treated for 10 s in a Biosonik Sonifier (Bronwill Scientific Inc., Rochester, N.Y.) at half the maximal setting. The sonically treated cell suspension was then kept in ice until it was loaded into the elutriator rotor.
Fractionation by centrifugal elutriation. A Beckman JE-6 elutriator rotor was driven in a Beckman J-21 centrifuge. The centrifuge was modified for elutriation and equipped with a stroboscope assembly by the manufacturer (Beckman Instruments, Inc., Palo Alto, Calif.). The pump used in the system was a Masterflex 745 equipped with a model 7014 pump head (Cole-Parmer Instrument, Co., Chicago, Ill.).
To allow greater sensitivity in determining the pump flow rate, the one-turn potentiometer speed control was removed and substituted with a 10-turn control (Beckman helipot 7276R50L.25) and a sepa-on November 6, 2017 by guest http://jb.asm.org/ Downloaded from rate on-off switch. The flow system was set up in the following way. The receptacle of a 100-ml "Yale Luer-Lok" syringe (Becton-Dickinson and Co., Rutherford, N.J.) was interposed between the pump inlet and the water reservoir by means of a threeway bypass valve and Silastic tubing. The syringe contained the cell suspension to be loaded into the rotor. With the pump running continuously, manipulation of the bypass valve allowed direct flow from the reservoir into the rotor or, alternatively, loading of the cell suspension into the rotor.
Elutriation was done at a centrifuge well temperature of 4°C while the water reservoir and collection flasks were maintained in ice baths. The length of connecting tubing was kept to a minimum. Water flow through the rotor was started and the rotor was brought to a speed of 3,000 rpm. Care was taken to remove all air bubbles in the system before the cells were loaded. The chilled and sonically treated cell suspension was placed in the loading syringe, and then the flow rate was brought to 9 ml/min. The cells were loaded at this flow rate and then flushed with 200 ml of water. Next, 200-ml fractions were collected. The first fraction was collected at 11 ml/ min, and successive fractions were obtained with increments of 1 ml/min. At a flow rate of 27 ml/min, virtually all of the single cells were removed from the rotor.
Analysis of fractions. To each fraction, NaCl was added to 0.1 M and formaldehyde was added to 0.4%. The cells were collected by centrifugation and suspended in 0.9% NaCl at a cell density of 106 cells/ml.
The size distribution of the cells in each fraction was determined in a model T Coulter counter that had been calibrated with latex spheres of average particle diameter 3.49 ,um. Samples of the fractions were prepared for microscopic observation by a modified Giemsa staining procedure (2) .
To demonstrate synchronous growth in fractions elutriated at 11 and 25 ml/min, formaldehyde was omitted and the centrifuged fractions were suspended in YM-1 medium at a cell density of 3 x 106/ ml. The cell suspensions were incubated at 23°C, and 0.1-ml portions were removed at the indicated times and placed in 0.9% NaCl containing 0.5% formaldehyde. After sonic dispersion for 10 s, cell numbers were determined in a model F Coulter counter.
RESULTS
The size distributions of four fractions obtained from the elutriator rotor and then fixed with formaldehyde are shown in Fig. 1 shown. At the lower flow rates (11 to 13 ml/ min), the population consists predominantly of unbudded cells. Budded cells, in which the nucleus has not yet migrated into the bud neck, constitute the major component in fractions elutriated at flow rates of 16 to 18 ml/min. Cells in which the nucleus is in the act of migration reach a peak in the fraction elutriated at 21 ml/ min. Finally, the fractions obtained at flow rates of 23 to 26 ml/min consist primarily of cells in which partition of the nucleus between mother and daughter cells has been completed. Remaining in the rotor were clumped cells representing less than 1% of the cells loaded into the rotor. These clumps may have been formed during growth, harvesting, and washing of the cells, and they were apparently not dispersed by the sonic treatment. Figure 3 shows growth curves obtained with fractions elutriating at 11 and 25 ml/min. The growth curve of the unfractionated culture is shown for comparison. It Our results show that centrifugal elutriation 11 ml/min (A) and 25 mllmin (0) and exponential is an effective method of separating an expo-growth of a portion of the unfractionated population nential yeast population into fractions repre-(0). The major portion ofan exponential population senting successive stages of the cell cycle. This of cells was fractionated by elutriation at 4°C. Fracconclusion is based on the following lines of tions elutriating at 11 ml/min (largely unbudded evidence. () Successive fractions from the elu-cells) and 25 ml/min (largely cells in which nuclear triator rotor tha were examinedintheCou partition is complete) were centrifuged at 4°C and triator rotor that were examined in the Coulter inoculated into fresh medium at 23°C. A portion of counter showed an increase in average cell size the cells in the exponential population was not fracwith increasing flow rate. (ii) Microscopic ex-tionated but was kept at 4°C and then centrifuged amination of the fractions showed that the in-and inoculated into fresh medium at 23°C at the crease in average size of the cell population same time as the fractionated samples. Cell cycle studies were performed on cells that were harvested during balanced growth and then fixed with trichloroacetic acid prior to fractionation by zonal centrifugation (8) . In this case, the length of time required to carry out the separation does not affect the resolution of the system because the cells cannot exhibit growth changes during the fractionation process. Elutriation would be ideally suited for this purpose because of the fine degree of separation obtained by using small incremental increases in flow rate. Thus, events occupying relatively short periods in the cell cycle can be studied.
Since both zonal centrifugation and centrifugal elutriation separate cells on the basis of sedimentation rate, some comparisons of the two systems are in order. Intrinsic variation in the basic parent cell size among the members of a yeast population would result in a poorer fractionation with both methods. Size heterogeneity among a yeast population arises because of divisional age-as cells get older (i.e., acquire more bud scars), they become larger (4). Thus, any exponential yeast cell population will show some degree of size heterogeneity, and this places a basic limitation on the extent to which a population can be fractionated according to cell cycle age. Since size heterogeneity is also a strain-dependent phenomenon, optimum separation on the basis of cell cycle age will be obtained for strains that show high degrees of size uniformity.
Both methods have additional physical characteristics that further impair the efficiency of fractionation of a yeast cell population. In elutriation, a Coriolis or streaming effect tends to make the removal of small particles from the rotor less efficient than the removal of larger particles (6) . In zonal centrifugation, resolution is impaired by diffusion of the starting zone (8) and possibly by the pushing of small cells into the gradient by the larger cells as they begin migration (7) . Because ofthese limitations, neither method can achieve a perfect separation of cells on the basis of cell cycle age. Elutriation, because of its advantages of long path length and wide choice of solvents, is a useful addition to existing methods of obtaining cell cycle separations of yeast by size selection.
